Glyoxal (CHO.CHO) and formaldehyde (HCHO) are intermediate products in the oxidation of the majority of volatile organic compounds (VOC). CHO.CHO is also a precursor of secondary organic aerosol (SOA) formation in the atmosphere. These VOCs are released from biogenic, anthropogenic, and pyrogenic sources. CHO.CHO and HCHO tropospheric lifetimes are short during the daytime and at mid-latitudes (few hours), as they are rapidly removed from the atmosphere by their photolysis, oxidation by OH, and uptake on particles/deposition. During nighttime or at high latitudes, lifetime can be 5 prolonged to many hours or even days. Previous studies demonstrated that CHO.CHO and HCHO can be retrieved from space-borne observations using the DOAS method. In this study, we present CHO.CHO and HCHO columns retrieved from measurements of the TROPOMI instrument, launched recently on the Sentinel-5 Precursor (S5P) platform in October 2017.
several relevant atmospheric species, including CHO.CHO, HCHO, NO 2 and CO. TROPOMI provides nearly global coverage each day at a spatial resolution of currently 3.5 km×7 km (7 km×7 km in the SWIR). The equator crossing time is 13:00 LT (ascending node). Similar to OMI, TROPOMI is a nadir-viewing imaging spectrograph, which consists of a two-dimensional 90 CCD, one dimension collecting the spectral information, the other being used for the spatial information. The TROPOMI instrument onboard of the S5P satellite provides data since November 2017 (Veefkind et al., 2012) .
CHO.CHO retrieval from TROPOMI measurements
In recent years, several improvements on the retrieval of CHO.CHO have been reported. , Chan Miller et al. (2014 and (Alvarado et al., 2014) presented new CHO.CHO retrieval algorithms applied to OMI measurements. These studies, similar 95 to previous studies on GOME-2A data, introduced approaches to reduce interference by absorbers, such as liquid water and nitrogen dioxide (NO 2 ). In this study, an optimized retrieval algorithm for CHO.CHO was developed, building on the heritage from the OMI CHO.CHO retrieval presented by (Alvarado et al., 2014) , extended and applied to S5P measurements. Previous studies have shown that cross-correlations between references cross-sections, as well as instrumental structures or features and shifts in the wavelength calibration can introduce systematic errors in the retrieval. As a result, a strong dependence on the 100 fitting window was identified in the retrieved CHO.CHO slant column densities, SCDs (Chan Miller et al., 2014; Alvarado et al., 2014) . In this study, a fitting window from 433 to 465 nm is chosen, which is slightly larger than windows used in previous investigations (Vrekoussis et al., 2010; Alvarado et al., 2014) . This fitting window, which enables the liquid water absorption to be retrieved, leads to a reduction in the number of negative CHO.CHO SCs over oceanic regions in comparison to a shorter fitting window (e.g. 434-458 nm), as well as a reduction in the residuals. The wavelength range selected covers 105 the strong absorption bands of CHO.CHO (452-457 nm), which have already been used in the past to retrieve CHO.CHO from ground and ship-based DOAS configurations as well as from satellites (Sinreich et al., 2007 (Sinreich et al., , 2010 Wittrock et al., 2006; Vrekoussis et al., 2009 Vrekoussis et al., , 2010 Lerot et al., 2010; Chan Miller et al., 2014; Alvarado et al., 2014) . In order to optimize the quality of the retrievals, a row-dependent daily mean Pacific spectrum from the region 50 • S, 160 • E -50 • N, 135 • W is used as background spectrum (Alvarado, 2016) . In addition, the mean CHO.CHO SC over the region 30 • S, 150 • W -30 • N, 110 150 • E is computed each day and subtracted from all SC to correct for possible offsets. A summary of the selected absorption cross-sections, and other parameters used in the retrieval, as well as a list of the species included in the retrieval, is shown in Table 1 . SCDs depend on observation geometry. Vertical column densities (VCD) are derived from the SCDs by use of so-called air mass factors (AMF), which depend on the trace gas profile, air pressure, surface albedo, temperature, aerosols, clouds and on solar zenith angle and measurement geometry. As the focus of this study is the observation of CHO.CHO in 115 biomass burning emissions, a simple CHO.CHO profile with a Gaussian distribution having its maximum peak at the altitude of the aerosol layer is used (see Figure 1 -A). This is based on the assumption that CHO.CHO is found at the same location as the main plume of aerosol and other trace gases. The altitude of the aerosol layer was estimated from profiles retrieved by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) (Vaughan et al., 2004) (Figure 1-B ). These aerosol extinction coefficients (k ext ) profiles retrieved at 532 nm are also used in the calculation of the AMFs by the radiative 120 transfer model SCIATRAN (Rozanov et al., 2013) . The computations have been performed on a daily basis, assuming a single scattering albedo of 0.92 and a homogenous distribution of aerosols characterised by the mean profile in the whole region of study. The latter is computed from the average of all aerosol profiles, for every single latitude and longitude, and by removing cloud-contaminated pixels (see Figure 1 -C). Clouds are not explicitly accounted for in the CHO.CHO and HCHO retrievals but data are filtered for the presence of clouds using an intensity criterion corresponding to a cloud radiance fraction of about 125 50%.
HCHO retrieval from TROPOMI
The accuracy of DOAS retrievals of HCHO is limited by cross-correlations with strong absorbers in the UV (e.g. O 3 ) and the signal to noise ratio of the radiance spectra measured by the instrument. Here, an updated version of the formaldehyde retrieval developed by Wittrock et al. (2006) and Vrekoussis et al. (2010) is used, which applies a slightly larger fitting window 130 extending from 323.5 nm to 361 nm, resulting in a reduction in the noise of the retrieved slant columns. At wavelengths shorter than 336 nm, interference with O 3 is observed due to the strong absorption of the latter. This effect is compensated by applying the method described by Puk ,ī te et al. (2010), which consist of adding two additional pseudo-cross-sections to the fit (λσ O3 and σ 2 O3 ) (Puk ,ī te et al., 2010; De Smedt et al., 2008 , 2015 Smedt et al., 2018) . The cross-sections of interfering species are included in the fit as listed in Table 1 . Similar to glyoxal, a synthetic ring spectrum (Vountas et al., 1998) For an individual CHO.CHO measurement, the detection limit is of the order of 5×10 14 molec.cm −2 , which is about 10 times smaller than the columns detected from emissions of the wildfires over the British Columbia region of Canada. For HCHO, the detection limit is an order of magnitude higher (5.5 × 10 15 molec.cm −2 ). The detection limit of a single S5P measurement in this study has been estimated in a manner similar to that explained in Alvarado et al. (2014). for HCHO, respectively. The detection limit for a single measurement from S5P is estimated to be 5.0 × 10 14 molec.cm −2 and 5.5 × 10 15 molec.cm −2 for CHO. CHO and HCHO, respectively. in the plume, in order to explain the observed plume evolution. In FLEXPART, the mean effective lifetime τ of an emitted tracer is treated as exponential decay with a given half-life (t 0.5 ); τ can then be calculated according to τ = t 0.5 /ln (2). As part of this study, FLEXPART simulations were carried out with half-life times of 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 hours, corresponding to effective mean lifetimes of ∼2. 9, 5.8, 8.7, 11.5, 14.4, 17.3, 20.2, 23.1, 26 .0, and 28.9 hours, respectively. As from 3 × 10 15 molec.cm −2 to 3 × 10 14 molec.cm −2 , while the HCHO has a different variation into the plume but at the end of the plume, it decreases from 4 × 10 16 molec.cm −2 to 2 × 10 16 molec.cm −2 . The FLEXPART tracer column decreases from 3 × 10 6 to 0.3 × 10 6 for this specific effective lifetime of 14.4 hours.
Simulation of tracer transport with FLEXPART
3.2 Lifetimes of CHO.CHO and HCHO in the plume Figure 5 shows the results of FLEXPART simulations assuming effective lifetimes for a surrogate chemical species of ∼2.9, 14.4, 23.1, and 28.9 hours for the 10th and 20th of August 2018. From this figure, it is clear that only for the simulations having effective lifetimes of 23.1 hours or more, a significant fraction of the tracer emitted is present at the end of the plume as observed in the measurements. This is further illustrated in Figure 6 , depicting CHO.CHO and HCHO maps for the 10th of 225 August 2018. On top of these maps, contour lines are shown for the simulated air masses assuming effective lifetimes of ∼2.9, 14.4, and 28.9 hours. It is evident that in both cases the tracer distributions simulated with longer effective lifetimes better describe the observed distribution of glyoxal and formaldehyde. formation (Schweitzer et al., 1998; Jang et al., 2002; Liggio et al., 2005; Kroll et al., 2005; Loeffler et al., 2006; Volkamer et al., 2007; Fu et al., 2007; Myriokefalitakis et al., 2008; Stavrakou et al., 2009b, c) . The simplest explanation of the observations of CHO.CHO and HCHO is that, during the fire events, both species are transported and/or produced during transport, over long distances resulting in an effective lifetime of about 28.9 hours. This implies the transport of the VOC precursors of CHO.CHO and HCHO.
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One reason for the large dispersion of the CHO.CHO and HCHO plumes is the injection of the biomass burning emissions into the free troposphere, where high wind speeds favor transport over long distances. This is a well-known effect that has also been observed for NO 2 in GOME-2 data (Zien et al., 2014) . However, even at high wind speeds, the short lifetime of these species would result in much smaller dispersed plumes than the ones observed. There are three possible explanations for this apparent contradiction: Reason 1: The lifetimes of CHO.CHO and HCHO could be significantly longer than expected in 245 these biomass burning plumes. There is, however, no indication that this should be the case; on the contrary, OH levels in the biomass burning plume are expected to be enhanced (Folkins et al., 1997) , leading to a reduction of the expected CHO.CHO lifetime in the unpolluted troposphere. Reason 2: There could be an efficient recycling process between the gas and aerosol phase, resulting in the observed extended effective lifetimes of CHO.CHO and HCHO. However, this reason is considered unlikely, because there is not yet any strong evidence of HCHO being a precursor of SOA formation, and as the shape of the 250 plumes for both trace gases is similar, a similar mechanism is expected for both. Also, evidence for the release of CHO.CHO following the formation of oligomers in the aerosol phase, is limited (Kroll et al., 2005 , and reference therein).
Reason 3: The plume could contain glyoxal and formaldehyde precursors which slowly produce additional VOCs along the trajectory, resulting in an apparent increase in lifetime. In order to better assess the CHO.CHO and HCHO spatial distribution seen on the 10th of August 2018, two additional S5P retrievals have been taken into account; the column-averaged dry air mole 255 fractions of CO, retrieved by the algorithm described in Schneising et al. (2019) , and the VCD NO 2 retrieved using an algorithm Tracer distribution simulated with FLEXPART for the same period assuming a lifetime of 28.9 hours. Enhanced CHO.CHO columns spread over the ocean in a pattern similar to that simulated by the model tracer. similar to the one described for the GOME-2 instrument (Richter et al., 2011) and using AMF calculated following the same approach as the one described before for glyoxal and formaldehyde (see section 2.3). The CO plume shows a similar spatial behavior as HCHO and CHO.CHO (see Figure 8 -E). As CO is a relatively long-lived tracer of fire emissions, this is further confirmation for the fact that the VOCs and/or their precursors originate from the fires and then undergo long-range transport.
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NO 2 enhancements, in contrast, are limited to the proximity of the fire hot-spots (see Figure 8-D) . This is the behavior expected for a molecule with a short atmospheric lifetime and highlights how unusual the behavior of the VOCs is. A true-color image from the Visible Infrared Imaging Radiometer Suite (VIIRS) clearly shows the distribution of aerosols (Figure 8-F) , which is similar to the CHO.CHO, HCHO, and CO distributions, indicating that these species are mixed in the aerosol layer. It is interesting to note that CHO.CHO and CO follow mainly the main plume, while the HCHO distribution is more diffused and 265 shows enhanced values also over regions where a thinner aerosol plume is visible in the VIIRS image; possibly originating from another fire as this part of the plume is not apparent in the FLEXPART simulations. As an additional criterion, the ratio of glyoxal to formaldehyde (RGF) is shown in Figure 8 -C. Larger values of RGF are found close to the location of the wildfires as already reported in previous publications (Vrekoussis et al., 2010) . This is an indication of enhanced primary emissions of 
